Current Molecular Medicine 201 4, 14, 603-61 5 



603 



The Characteristics of Bax lnhibitor-1 and its Related Diseases 
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Abstract: Bax inhibitor-1 (BI-1) is an evolutionarily-conserved endoplasmic reticulum protein. The expression 
of BI-1 in mammalian cells suppresses apoptosis induced by Bax, a pro-apoptotic member of the Bcl-2 family. 
BI-1 has been shown to be associated with calcium (Ca 2+ ) levels, reactive oxygen species (ROS) production, 
cytosolic acidification, and autophagy as well as endoplasmic reticulum stress signaling pathways. According 
to both in vitro and clinical studies, BI-1 promotes the characteristics of cancers. In other diseases, BI-1 has 
also been shown to regulate insulin resistance, adipocyte differentiation, hepatic dysfunction and depression. 
However, the roles of BI-1 in these disease conditions are not fully consistent among studies. Until now, the 
molecular mechanisms of BI-1 have not directly explained with regard to how these conditions can be 
regulated. Therefore, this review investigates the physiological role of BI-1 through molecular mechanism 
studies and its application in various diseases. 
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1. INTRODUCTION 

Human Bax inhibitor-1 (BI-1) has been identified as 
a suppressor of Bax-mediated cell death in yeast [1]. 
BI-1 is an anti-apoptotic integral membrane protein 
located primarily in the intracellular membranes of the 
endoplasmic reticulum (ER) [2, 3]. The anti-apoptotic 
role of BI-1 has been clearly demonstrated in ER 
stress-induced cell death, but not in other stresses 
such as oxidative stress or death receptor-activation 
stress. About the issues of ER stress regulation, there 
are suggested mechanisms including the regulation of 
Ca 2+ or ROS, especially ER-originated ROS. The 
activities of intracellular organelles such as lysosome 
have been also studied in relation with the BI-1 
characteristics, ER stress regulation. Separately, BI-1 - 
specific regulation of a specific arm of ER stress 
involving IRE-1a has been reported, in the context of 
secretory protein IgG and autophagy studies [4, 5]. 

Studies of BI-1 are now extending to include the Bl- 
1 protein family. As such, BI-1 has been recently re- 
named as TMBIM6 as it is part of the transmembrane 
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Bax inhibitor-1 -containing motif family [6]. Genetic and 
bioinformatics studies have revealed that TMBIM family 
members are highly conserved across species [7, 8], 
with a possible common ancestor in yeast [9]. 
TMBIM1/RECS1 (responsive to centrifugal force and 
shear stress gene 1 protein) has a lysosomal, Golgi, 
and plasma membrane cellular distribution [10, 11], 
and it interacts with and inhibits Fas ligand-mediated 
apoptosis [12]. TMBIM2/LFG (life guard) has a plasma 
membrane location, and attenuates Fas ligand-induced 
apoptosis [13]. TMBIM3/GRINA (glutamate receptor 
ionotropic NMDA protein 1) has been also studied with 
regard to a regulatory role in cell death in cellular and 
animal models of ER stress, with a possible link to the 
regulation of ER calcium homeostasis [14]. 
TMBIM4/GAAP (Golgi anti-apoptotic associated protein) 
is exclusively located at the Golgi compartment and its 
expression modulates the susceptibility of cells to 
intrinsic and extrinsic apoptotic stimuli [15, 16]. 
TMBIM5/MICS1 (mitochondrial morphology and cristae 
structure 1)/GHTIM (growth hormone-inducible 
transmembrane protein) is located at the mitochondria, 
and has been shown to prevent mitochondrial 
fragmentation and the release of cytochrome c induced 
by actinomycin D treatment [17]. 

The multiple helical transmembrane topology of BI-1 , 
with short hydrophilic regions and a probable reentrant 
loop at the C terminus is reminiscent of the alpha- 
subunits of ion channels [18]. The transmembrane 
regions make up the main component of TMBIM family 
members. The C terminus residues of BI-1, 
EKDKKKEKK, are important for its anti-apoptotic, cell 
adhesion, and calcium regulatory functions [19-21]. 
The highly conserved hydrophobic profile of TMBIM 
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members suggests that structure must be an important 
aspect of the function of these proteins. Although there 
has been inconsistency in the literature about whether 
TMBIM membranes have six or seven tranmembrane 
domains (TMD), and other BI-1 characteristics; a model 
with six TMDs and both N- and C- termini toward the 
cytosol has recently been more clearly documented [3, 
22, 23]. 

The role of BI-1 has been studied in different 
physio/pathological models, including ischemia, 
diabetes, liver regeneration, and cancer. These 
physiological mechanisms have been applied to 
clinically relevant studies regarding ER stress and Ca 2+ 
regulations [21, 24-27]. In BI-1 studies, some debate 
still exists about the regulatory mechanisms of ER 
stress and Ca 2+ homeostasis. These issues are further 
discussed in this review. We also propose an 
explanation for the correlation between BI-1 
physiological mechanisms and pathological roles. 
Therefore, this review should contribute to 
understanding of the basic functions of BI-1 and its role 
in diseases. 

2. BI-1 SUPPRESSES APOPTOSIS 

BI-1 was first identified by Xu and Reed [1] in a 
functional screen using Bax-ectopically expressing 
yeast. Bax stimulates mitochondria-initiated reactive 
oxygen species (ROS) accumulation and cell death in 
yeast as well as in mammalian systems [28, 29]. BI-1, 
which is also called as testis enhanced gene transcript 
(TEGT), has a protective role against ER stress- 
induced apoptosis [2, 30]. Ca 2+ and ROS are 
considered initiators of ER stress and other 
phenomena [31]. Above a threshold, Ca 2+ or ROS 
induce ER stress-associated cell death, and the 
physiological amount of Ca 2+ or ROS is considered an 
adaptive response to ER stress [32, 33]. 

BI-1 regulates the amount of Ca 2+ that is associated 
with ER stress [3, 20, 34-36] and BI-1 is also 
associated with the regulation of ROS [37-40]. BI-1 has 
been generally suggested to be an ER stress regulator, 
controlling ER-generated ROS accumulation, which is 
also related to cell death regulation. Thus, the two B 1-1 - 
associated signaling transduction pathways seem 
directly related to anti-apoptotic function. 

BI-1 is evolutionarily conserved in other organisms 
including Arabidopsis thaliana, Drosophila 
melanogaster, Escherichia coli, and others [9]. Co- 
transfection of Bax with plant BI-1 homologues (oilseed 
rape and tobacco) in human embryonic kidney 293 
cells inhibits the apoptosis induced by transfection Bax 
alone [41]. It was also found that a plant BI-1 
homologue (rice and Arabidopsis) inhibits cell death 
induced by Bax in yeast [42]. Moreover, transgenic rice 
cells that overexpress the Arabidopsis BI-1 (AtBI-1) 
gene suppress fungal elicitor-induced cell death [43]. It 
was reported that in Arabidopsis, AtBI-1 interacts with 
sphingolipid fatty acid 2-hydroxylase (AtFAHl) via 



cytochrome b in the ER. AtBI-1 requires AtFAHl to 
suppress cell death [44]. 

BI-1 is also involved in innate immunity in 
crustaceans [45]. Crayfish which were overexpressing 
the crayfish BI-1 homologue suppressed white spot 
syndrome virus-induced cell death. The 
Saccharomyces cerevisiae protein encoded by 
YNL305C, which is an ER-localized protein, has been 
also reported to be a bona fide member of the BI-1 
superfamily, and is involved in regulation of the ER 
stress response with respect to resistance against heat 
shock, ethanol or glucose-induced programmed cell 
death [46]. In addition, BI-1 also seems to be linked to 
an ER stress-mediated unfolded protein response 
(UPR) and the programmed cell death response. 

3. BI-1 REGULATES CA 2+ 

BI-1 has also been described as a Ca 2+ channel-like 
protein [14, 16]. BI-1 has been suggested to regulate 
intra-ER Ca 2+ concentrations ([Ca 2+ ] E R) via its 
interaction with IP 3 R [47], leading to a sensitizing effect 
of BI-1 on IP 3 R, which may contribute to a decrease in 
steady-state [Ca 2+ ] E R [47, 48]. The C terminus of BI-1, 
which has been suggested as a binding site for its 
interaction with the Ca 2+ channel pore of IP 3 R, is 
thought to have a key role in ER Ca 2+ homeostasis [47]. 
Recently, the presence of BI-1 was also proposed to 
reduce the efficiency with which IP 3 Rs transfer Ca 2+ 
from the ER into the mitochondria at mitochondria- 
associated microdomains (MAM) [48]. However, 
additional evidence needs to be gathered regarding the 
relation of BI-1 with IP 3 R. 

Our group reported that the effect of BI-1 on 
[Ca 2+ ] E R permeability was pH-dependent [20, 21]. In a 
BI-1 reconstituted proteoliposome model, encapsulated 
Ca 2+ was released from membranes when exposed to 
acidic pH [34, 49-51], which is consistent with the 
cellular model [20]. Concomitantly, proton ions were 
influxed into the proteoliposomes [49]. Therefore, BI-1 
is thought to have Ca 2+ /H + antiporter-like activity. Other 
studies have investigated the relationship between BI-1 
and Ca 2+ efflux mediated by other agents. Cardiolipin 
(CL) and phosphatidylserine (PS) stimulated the 
proton-mediated efflux of Ca 2+ ions in a BI-1 - 
encapsulated proteoliposome study [51]. The peptide 
corresponding to Bcl-2 homology (BH)4 domains also 
stimulated BI-1 activity, suggesting that CL, PS and the 
BH4 domains of Bcl-2 and Bcl-XL proteins are 
stimulating/agonistic factors for the Ca 2+ /H + antiporter 
activity of BI-1 . Consistently, BI-1 function was reported 
to be stimulated by anti-apoptotic Bcl-2 proteins [36], 
likely through the BH4 domain of Bcl-2 protein 
interacting with BI-1 . These studies implicate the role of 
the BH4 domain in stimulating Ca 2+ /H + antiporter 
activity, assuming the direct interaction of BI-1 with Bcl- 
2 family proteins. Studies about the effects of Bcl-2 on 
[Ca 2+ ] E R have been performed [52-55], and do not show 
consistent results regarding the Bcl-2-associated 
capacitance of the intra-ER Ca 2+ pool, opening some 
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possibility about the involvement of another protein, 
such as BI-1, between Bcl-2 and IP 3 R. Endogenous 
expression of BI-1 might differ among tissues or cell 
types, which might affect the cell-type specific role of 
Bcl-2-associated regulation of [Ca 2+ ] E R level. The Ca 2+ 
channel-like activity of BI-1 is schematically shown in 
Fig. (1), illustrating the two theories about the BI-1 
involvement in Ca 2+ leak. 

Recently, it was suggested that BI-1 enhances 
cancer metastasis by altering glucose metabolism and 
activating the sodium/hydrogen exchanger (Na + /H + 
exchanger) [56]. In this situation, the intra-ER Ca 2+ leak 
is likely related to the cytoplasmic ionic balances 
through store-operated Ca + channel, Na + /Ca 2+ 
exchanger and related Na + /H + exchanger activities [57, 
58]. Thus, the BI-1 Ca 2+ channel or Ca 2+ /H + antiporter 
activity seems to be closely related to cancer 
progression and propagation. Two anthracycline anti- 



cancer drugs, doxorubicin (DXR) and daunorubicin 
(DNR), specifically interacted with BI-1 and inhibited its 
Ca 2+ /H + antiporter activity, including proton-induced 
Ca 2+ efflux and H + uptake [34]. These results indicated 
that BI-1 could be a new cancer therapeutic target 
using anthracyclines to inhibit the Ca 2+ /H + antiporter 
activity of BI-1 . 

In plants, AtBI-1 interacted with calmodulin [59-61]. 
AtBI-1-overexpressing cells attenuated the rise in 
cytosolic calcium following sarcoplasmic/endoplasmic 
reticulum Ca 2+ -ATPase inhibitor treatment, suggesting 
that AtBI-1 affects calcium homeostasis in plant cell 
death regulation [59]. It was also proposed that AtBI-1 
may mediate control cellular Ca 2+ homeostasis through 
interaction with calmodulin and Ca 2+ -ATPase in the ER 
[61]. The C terminus of AtBI-1 was capable of binding 
with calmodulin and a C-terminal-deleted BI-1 was 
associated with reduced cell death suppression activity 




I J 




Mitochondria 



Cell protection 



Fig. (1). BI-1 reduces intra-ER and mitochondrial Ca + , leading to cell protection. BI-1 binds to IP3R and sensitizes IPaR-induced 
Ca 2+ release. Reduced intra-ER Ca 2+ leads to decreased Ca 2+ efflux into cytosol and less mitochondrial Ca 2+ accumulation, 
resulting cell protection effect (left). BI-1 has a unique function of pH-dependent Ca 2+ channel or Ca 2+ /H + antiporter activity. 
Because of the Ca 2+ leak channel activity, intra-ER and mitochondrial Ca 2+ is decreased, linked to the cell protection effect 
(right). However, in severe acidic condition, Ca 2+ is more accumulated in mitochondria because of the stimulated Ca 2+ leak from 
ER membrane in the presence of BI-1 (right). 
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in plants [60]. Through these studies, it has been 
suggested that BI-1 has a universal Ca 2+ leak channel- 
like effect in mammalian cells and plant cells. It has 
also been proposed that reduced intra-ER Ca 2+ leads 
to the regulations of mitochondrial Ca 2+ accumulation 
and subsequent cell death. 

However, in the presence of a severely acidic pH, 
such as pH 5.4, intra-ER Ca 2+ was predominantly 
extruded from the ER membrane and spontaneously 
accumulated in the mitochondria, leading to cell death, 
showing that the BI-1 -induced pro-apoptotic effect 
under severely acidic conditions is an exemption to the 
above mentioned BI-1 -associated Ca 2+ leak channel 
effect, which is generally interpreted as a protective 
mechanism. The acidic pH-dependent Ca 2+ 
channel/Ca 2+ /H + antiporter activity of BI-1 need to be 
more carefully studied with regard to BI-1 -associated 
regulations of cell death. 

4. BI-1 REGULATES REACTIVE OXYGEN 
SPECIES 

BI-1 resides in the ER membrane and protects cells 
from ER stress-induced apoptosis. The ER is 
associated with the generation of ROS through 
oxidative protein folding [62]. The UPR is followed by 
ROS accumulation during ER stress, which is regulated 
in BI-1 overexpressing cells [40]. BI-1 overexpression 
regulates UPR induction with a protective effect against 
ER stress, showing an inhibition of ROS accumulation 
under ER stress. Heme oxygenase-1 (HO-1) is the 
rate-limiting enzyme in the degradation of heme into 
biliverdin, carbon monoxide (CO), and free divalent iron 
and thus is a candidate to explain the reduced ROS 
accumulation in BI-1 overexpressing cells (Fig. 2) [40]. 
HO-1 may be important for the cytoprotective activity of 
BI-1. Inhibition of HO-1 negated BI-1 -mediated 
protection against ER stress-induced cell death. By 
reducing ROS, elevated HO-1 limits the oxidative 
dysregulation which causes misfolding of ER proteins, 
thereby decreasing the unfolded protein response [40]. 
The modulation of HO-1 expression by BI-1 appears 
not to be a downstream consequence of differences in 
ROS. However, the HO-1 induction is still in debate. It 
was recently reported that no change was noted in the 
transcription of HO-1 in BI-1 -deficient mouse 
embryonic fibroblast (MEF) cells [4]. This difference in 
HO-1 expression might vary with cell conditions and 
cell types. 

Previous studies have demonstrated that yeast 
expressing human, Arabidopsis, Drosophila, or yeast 
BI-1 proteins were markedly resistant to cell death 
induced by oxidative stress (H 2 0 2 ) [19]. Similarly, 
oxidative stress-induced cell death was also 
suppressed by the overexpression of Arabidopsis BI-1 
and barley BI-1 (Fig. 2) [63-66]. Interestingly, AtBI-1 
overexpression was not shown to significantly reduce 
ROS levels in plant cells [63, 64]. These results 
indicate that plant BI-1 may function downstream from 



the early steps of ROS-dependent cell death pathway 
[61]. In contrast, BI-1 overexpression showed great 
suppression of mitochondria-mediated ROS production 
in human embryonic kidney (HEK) 293 cells and MEF 
cells dependent upon ERK activation [37]. Moreover, 
BI-1 inhibits ER stress-mediated ROS accumulation by 
decreasing cytochrome P450 (P450 2E1) activity and 
protein expression [39]. Expression of P450 2E1 , a 
major source of ROS on the ER membrane, increases 
in response to ER stress. BI-1 may decrease electron 
uncoupling between NPR and P450 2E1 by binding to 
one of them, thus reducing ER stress-initiated ROS 
generation and cell death signaling (Fig. 2). Recently, it 
was reported that cells BI-1 overexpressing cells had 
highly enhanced lysosomal activity [67]. Lysosomal and 
proteasomal activity are also involved in P450 2E1- 
mediated degradation [68]. It was found that the BI-1 
increase in lysosomal enzyme activation is related to 
P450 2E1 degradation, ER stress suppression and 
ROS reduction [38]. 

BI-1 was found to be cytoprotective molecule with a 
detoxifying effect in CCI 4 -treated mice [69]. CCI 4 
administration led to reduced BI-1 gene expression 
compared to that of the healthy controls' livers. 
Cytochrome P450 bio-activation of the CCI 4 molecule 
to the trichloromethyl free radical (CCI 3 ), leads to liver 
injury due to lipid peroxidation [70, 71]. Recovery of 
CCU-induced liver injury by mesenchymal stem cell- 
transplantation restored the decrease of cytoprotective 
genes, including the BI-1 gene [69]. 

In summary, the regulation of BI-1 on ER stress- 
associated ROS accumulation seems to occur in the 
intra-ER electron transfer processes including the NPR 
and P450 coupling system. Whether HO-1 is involved 
in the regulation of intra-ER ROS accumulation needs 
further clarification. 

5. DOES BI-1 REGULATE THE ER STRESS 
RESPONSE SPECIFICALLY THROGH IRE-1A? 

ER stress stimulates three distinct UPR signaling 
pathways through sensors that include inositol- 
requiring enzyme 1 alpha (IRE1a), PKR-like ER kinase 
(PERK), and activating transcription factor 6 (ATF6) 
[72]. IRE1a is a serine-threonine protein kinase and 
endoribonuclease that, upon activation, initiates the 
unconventional splicing of the mRNA encoding XBP-1 
[73]. Although IRE1a stimulates the adaptive up- 
regulation of chaperones and therefore mediates 
cytoprotection, prolonged activation can also trigger c- 
Jun N-terminal kinase (JNK) and Bax activity [74, 75]. 

BI-1 has been suggested to inhibit the IRE1a- 
dependent branch of the UPR [4]. In response to ER 
stress, BI-1 -deficient cells exhibit exacerbated and 
protracted IRE1a activation. BI-1 -mediated IRE1a 
inhibition was demonstrated in vivo in mice and flies 
and in vitro in cultured cells. IRE1a-deficient cells 
remained insulin sensitive when challenged with 
chemical ER stress agents, underscoring the 
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Fig. (2). BI-1 protects against ER stress-induced apoptosis. The BI-1 -induced protection against ER stress correlates with 
inhibition of Bax activation and its translocation to the mitochondria, suppressing caspase activation (left). BI-1 dissociates NPR 
and the P450 2E1 (CYP) complex, reducing ER stress-initiated ROS generation. In addition, BI-1 elevates HO-1 expression 
through Nrf-2 and ARE, leading to reduced ROS production (right). 



importance of this UPR branch in insulin resistance [25, 
76]. Although BI-1 seems to show specificity for 
inhibiting the IRE1a branch of the UPR, its exact 
mechanism of action remains unclear. Functional 
down-regulation of the IRE1a pathway by 
overexpression of BI-1 results in down-regulation of 
key enzymes of lipid homeostasis pathways not only 
under conditions of increased ER stress as seen in 
high-fat diet (HFD) mice but also in normally fed mice 
[25]. 

However, there is still debate surrounding the issue 
of whether BI-1 is an IRE1a-specific regulator or a 
general ER stress regulator. BI-1 deficiency enhances 
ATF6 processing and increases selected IRE1a 
activities (ribonuclease activity but not caspase-12 
activation). The increases in spliced XBP-1 (sXBP-1) in 
the liver and kidney of BI-1-/- mice might be a reflection 
of both ATF6 and IRE1a activation [24]. It has also 
been suggested that BI-1 may inhibit ER stress- 
induced accumulation of ROS through regulation of the 
three UPR pathways including PERK, IRE1a, and 
ATF6 [40, 67]. It has been reported that lysosome 
activity is enhanced in BI-1 overexpressing cells, 



including lowering the lysosome pH and activating 
lysosome V-ATPase [38, 67]. The lysosome-associated 
ER-associated degradation (ERAD) pathway increases 
the protein folding capacity by reducing protein-folding 
loads, leading to regulation of the ER stress response 
[77]. In addition, lysosome inhibitor reversed the BI-1 - 
associated regulation of the three main ER stress 
pathways, not the specific branch of ER stress, also 
reversing the protective effect of BI-1 against ER 
stress-specific cell death [67]. These studies support 
the role of BI-1 as a general inhibitor of ER stress, also 
linked to the anti-apoptotic role. The two mechanisms 
proposed for the BI-1 -induced ER stress regulation are 
schematically summarized for comparison in Fig. (3). 

In summary, whether BI-1 is a specific regulator of 
IRE1a or a general inhibitor of ER stress response has 
not yet been clarified. The specific inhibition of a 
specific arm of UPR-associated with IRE1a has 
recently been clarified in knock-out cells and animal 
models [4]. However, culture conditions or specific 
animal experiments enhancing metabolism greatly 
affect BI-1 physiology. In the highly enhanced 
metabolism conditions, BI-1 regulated all ER stress 
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Fig. (3). BI-1 regulates ER stress response. BI-1 stimulates lysosome activity. The enhanced lysosomal protein degradation 
activity reduces protein folding requirement, leading to the reduced ER stress response (left). BI-1 inhibits IRE-1a 
phosphorylation and its endonuclease activity through the interaction with IRE-1a, leading to ER stress regulation (right). 



signaling pathways, not just those affecting specific 
IRE-1a signaling. Lysosome degradation activity may 
also be increased in BI-1 overexpressing cells when 
using a high concentration of glucose in the media. 
Upon exposure to ER stress, BI-1 reduced UPR 
through its enhanced lysosome activity. However, the 
issue regarding the specificity of BI-1 regulation for any 
single ER stress regulatory path needs to be further 
clarified. 

6. BI-1 AND AUTOPHAGY 

Now, it is debating about the issue of BI-1 in a field 
of autophagy. Castillo K et al. reported that BI-1 inhibits 
autophagy by suppressing IRE1 -mediated JNK 
activation under ER stress [5]. BI-1 -deficient cells 
presented a faster and stronger induction of autophagy 
showing the correlation with enhanced cell survival 
under nutrient deprivation. They also indicated that the 
repression of autophagy by BI-1 was dependent on 
JNK and IRE1a expression, possibly due to a 
displacement of TNF-receptor associated factor-2 
(TRAF2) from IRE1a. They reported a novel function of 
BI-1 in multicellular organisms and suggested a critical 
role of BI-1 as a stress integrator that modulates 
autophagy levels and is connected to other 



homeostatic processes. However, in contrast to these 
results, Sano R ef al. found that BI-1 contributes to 
tumorigenesis by promoting autophagy [48]. BI-1 
overexpression promotes autophagy in cancer cells. 
BI-1 -deficient mice have reduced autophagy. BI-1 
reduces Ca 2+ /IP 3 R-dependent mitochondrial 
bioenergetics, resulting in low mitochondria adenosine 
triphosphate (ATP) levels, which stimulates autophagy 
but is an IRE1a-independent pathway. In our group's 
study, BI-1 -associated autophagy, probably due to the 
enhanced lysosomal activity, was also reported [38, 
67]. These two opposing phenomena; regulation of 
autophagy and enhancement of autophagy might have 
been caused by cell-type and culturing condition- 
associated factors. The above mentioned signal 
transduction pathways explaining the opposite 
phenomena are summarized in Fig. (4). The role of Bl- 
1 to positively or negatively regulate autophagy needs 
to be investigated along with its related molecular 
mechanisms. 

7. DISEASES 

BI-1 is closely associated with various diseases 
(Table 1). As mentioned above, the scenario regarding 
Ca 2+ or ROS regulation are applied to pathological 
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Fig. (4). BI-1 is related with autophagy. BI-1 binds to IP3R on ER and reduces basal intra ER Ca 2+ , transferring less Ca 2+ into 
mitochondria. Decreased mitochondrial Ca 2+ causes decrease in ATP, leading to AMPK activation and autophagy (left). In the 
presence of ER stress, IRE-1a binds with TRAF-2, activating JNK and autophagy. BI-1 interacts with IRE-1a, inhibiting the 
interaction between IRE-1a and TRAF-2 leading to the inhibition of autophagy (right). 



mechanisms for hepatic ischemia reperfusion injury, 
hepatic regeneration, CCI 4 -induced hepatic toxicity, 
neuronal diseases and the autoimmune response. With 
the specific interaction of BI-1 with IRE1a, hepatic l/R- 
induced damage and hepatic insulin resistance have 
been also explained as a potential mechanism. In 
cancer studies, the role of BI-1 has been more 
frequently studied including prostate, breast and 
pulmonary cancers. The BI-1 -associated anti-apoptosis 
has been generally suggested as a cancer-related 
mechanism. The sections below describe specific 
studies explaining the pathological role of BI-1 . 

7.1. Liver Diseases 

Ischemia-reperfusion (IR) injury induces ER stress 
and cell death. During hypoxia and IR insults, ER 
stress-associated cell apoptosis is activated. 
Reperfusion also triggers oxidative stress, which 
produces nitric oxide and reactive oxidative species, 
altering cellular redox-dependent reactions, interfering 
with protein disulfide bonding, and resulting in protein 
misfolding in the ER [78, 79]. 

BI-1 knockout mice subjected to hepatic IR injury 
exhibited the following characteristics: increased 
histological injury, increased serum transaminases, 
indicative of more hepatocyte death increased 



percentages of TUNEL-positive hepatocytes, greater 
elevations in caspase activity, and greater activation of 
ER stress proteins IRE1a, ATF6, and XBP-1 , 
compared to wild-type BI-1 mice [24]. Moreover, 
hepatic IR injury induced elevations in BI-1 mRNA in 
wild-type livers to limit tissue injury. 

High levels of BI-1 mRNA were found in acute and 
chronic liver disease, representing a protective effect 
with respect to the virus-induced inflammatory 
response. The down-regulation of BI-1 observed both 
in hepatocellular carcinoma and in cirrhotic tissue 
surrounding the tumor may contribute to hepatocellular 
carcinogenesis and tumor progression [80]. 

It has been reported that BI-1 deficiency accelerates 
liver regeneration after partial hepatectomy [26]. 
Regenerating hepatocytes of BI-1 -deficient mice enter 
the cell cycle faster and experience an earlier increase 
in cyclins and cyclin-dependent kinases, more rapid 
hyper phosphorylation of retinoblastoma proteins, and 
faster degradation of p27. ER Ca 2+ plays an important 
role in cell proliferation [53]. Depletion of ER Ca 2+ in 
response to thapsigargin causes cells to arrest in G 0 
[81]. The ability of BI-1 to regulate ER Ca 2+ may be 
involved in BI-1 -associated regulation of hepatocyte 
proliferation. 
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Disease Types 


Possible Mechanisms of BI-1 


References 


Liver Diseases 


Hepatic ischemia-reperfusion (IR) injury 


On ER Ca 2+ -affecting Ca 2+ -regulated ER chaperones that suppresses 
IRE1a and ATF6; direct interactions with IRE1a and ATF6 protein complexes 
in ER membranes 


[24] 


Chronic hepatitis 


Bax-induced apoptosis inhibition 


[80] 


Liver regeneration 


ER Ca 2+ control; cell cycle regulation 


[26] 


CCU-inducecl liver injury 


ROS inhibition 


[69] 


Cancer 


Tumorigenesis 


Ca 2+ regulation; actin interaction; down-regulation of mitochondria 
metabolism 


[21 , 48, 56, 85] 


Prostate cancer 


Up-regulation of BI-1 gene and protein expression; interaction with Bcl-2/Bcl- 
XL; inhibition of apoptosis 


[89] 


Pulmonary adenocarcinoma 


High level BI-1 gene expression 


[87] 


Breast cancer 


Up-regulation of BI-1 gene and protein expression; interaction with Bcl-2/Bcl- 
XL; inhibition apoptosis 


[86] 


Nasopharyngeal carcinoma 


High expression of BI-1 gene and protein; stimulation of Bcl-2/Bcl-XL, Bax 
inhibition; apoptosis inhibition 


[88] 


Acute myeloid leukemia 


BI-1 peptide as a novel immunogenic tumor-associated antigen 


[94] 


Autoimmune Response 




Induction of ERK activation; reduction in intracellular ROS generation; 
suppression of autoimmune response-related apoptotic cell death 


[37] 


Neuron Disease 




Inhibition of ER stress; modulation of Ca 2+ homeostasis; regulation of MAPK 


[27, 98-100, 102] 


Insulin Resistance 




Inhibition of IRE1a 


[25] 



The references refer to the numbered reference in the text. 



7.2. Cancer 

Apoptosis evolved out of the need for tissue 
homeostasis depending on a delicate balance between 
proliferation and cell death. Dysregulation of apoptosis 
plays a role in numerous pathological processes. A 
reduced sensitivity to apoptosis may promote the 
survival of oncogenic cells, leading to further 
accumulation of mutations and a malignant progression 
[82, 83]. To develop innovative strategies for cancer 
therapy, it will be necessary to identify molecular 
targets in the apoptotic pathway that are differentially 
regulated in normal and in cancer cells [84]. 

BI-1 is an anti-apoptotic gene, and BI-1 
overexpression inhibited apoptosis induced by growth 
factor and serum deprivation, as well as the intrinsic 
pathway stimuli, etoposide and staurosporine [2]. The 
aberrant overexpression of BI-1 may also lead to the 
acquisition of cell transformation and tumorigenicity [7, 
85-89]. The overexpression of BI-1 gene in NIH3T3 
cells promoted in vitro colony formation as well as in 
vivo tumor formation, indicating that the BI-1 gene may 
lead to changes in molecular mechanisms governing 
normal cellular growth and consequently contribute to 



malignant cell transformation and tumorigenesis. 
Similarly, in a tumor xenograft model, BI-1 shRNA- 
containing tumor cells regulate tumor size [48]. These 
results indicated that BI-1 could be important for tumor 
cell survival in a tumor microenvironment. 

BI-1 has recently been found to be overexpressed 
in several human carcinomas [86, 89, 90]. The specific 
down-regulation of BI-1 by RNA interference (RNAi) 
lead to cell death in nasopharyngeal carcinoma cells 
[88]. Similarly, knockdown BI-1 also induces 
spontaneous apoptosis in 293T cells [1]. In breast 
cancer, levels of anti-apoptotic proteins, such as Bcl-2, 
Bcl-XL, lAPs, and BI-1 , are elevated [86]. Expression of 
BI-1 was demonstrated in six human breast cancer cell 
lines, and specific suppression of BI-1 expression by 
RNAi caused a significant increase in spontaneous 
apoptosis in estrogen-independent MDA-MB-231 cells. 
In estrogen-dependent MCF7 cells, estradiol-17-B 
induced cell apoptosis and decreased the levels of BI-1 
through Klf10 modulation. Estrogen is a potent mitogen 
that stimulates cell proliferation and prevents cell death 
in breast cancer cells through receptor binding and the 
subsequent activation of signaling pathways [91]. 
Paradoxically, estrogen is also capable of inducing 
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tumor regression of hormone-dependent breast cancer 
because estrogen's effects can be mediated by either 
receptor, ER-a or ER-p [92]. During embryonic 
development, estrogen, elicits cellular proliferation 
through the ER-a receptor, whereas, via ER-p, 
estrogen inhibits proliferation and promotes 
differentiation [93]. Importantly, estrogen induction of 
Klf 1 0 is ER-p specific, and the activation function 1 
(AF1) domain of ER-p confers this specificity. 
Therefore, as Klf10 induces cell apoptosis through the 
modulation of BI-1 expression, it regulates cell 
proliferation and death in breast cancers [35]. 

BI-1 is also related to cancer metastasis. The 
overexpression of BI-1 increased cell mobility and 
invasiveness, showing highly elevated glucose 
consumption and cytosolic accumulation of lactate and 
pyruvate but decreased mitochondrial oxygen (0 2 ) 
consumption and ATP production [56]. Glucose 
metabolism-associated extracellular pH also decreased 
as cells excreted more H + , and sodium hydrogen 
exchanger (NHE) activity increased, likely as a 
homeostatic mechanism for intracellular pH. These 
alterations activated MMP 2/9 and cell mobility and 
invasiveness, suggesting a role for NHE in cancer 
metastasis. C terminus- deleted BI-1-overexpressing 
cells showed similar results to control cells, which 
indicated that the C-terminal motif was required for Bl- 
1 -associated alteration of glucose metabolism, NHE 
activation and cancer. 

BI-1 has a novel role in regulating actin 
polymerization to increase cell adhesion [21]. The 
presence of BI-1 is an enhancer for adhesion through 
actin polymerization. In BI-1 overexpressing cells, a 
high Ca + concentration regulates downstream actin 
polymerization and cell adhesion. Actin polymerization 
also can enhance Ca 2+ release, whereas actin 
depolymerization decreases Ca 2+ through voltage- 
dependent Ca 2+ channels. BI-1 also induced increases 
in cell adhesion, which is linked to cancer metastasis 
mechanisms. 

BI-1 has been suggested to be a novel leukemia- 
associated antigen [94]. A peptide derived from BI-1 
was identified as an epitope recognized by cytotoxic T 
lymphocytes. In vitro induction of BI-1 -specific cytotoxic 
T lymphocytes by RNA transfection or pulsing of 
dendritic cells with the synthetically generated peptide 
was an effective method to generate leukemia-specific 
cytotoxic T lymphocytes, suggesting that the BI-1 may 
represent an interesting novel tumor-associated 
antigen in the context of cancer vaccines. 

7.3. Autoimmune Response 

BI-1 may affect the autoimmune response [37]. BI-1 
transgenic mice show abnormal spleen morphology, 
splenomegaly, and megakaryocytes. It has been 
suggested that BI-1 -induced ERK activation reduces 
intracellular ROS generation, which suppresses 
autoimmune response-related apoptotic cell death. The 
exact mechanism by which BI-1 regulates ERK 
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activation remains unknown, but it might be related to 
BI-1 and calcium modulation. A previous study reported 
that the C-terminus of plant BI-1 interacts with 
calmodulin which activates calcium/calmodulin- 
dependent protein kinase (CaMK) [59]. CaMKII 
regulates ERK activation as one of part of integrin 
signaling supporting the possible existence of cross- 
talk between CaMKII and ERK/Raf-1 [95]. Abnormal 
regulation of apoptosis has been reported to be related 
to autoimmune responses [96]. Inefficient apoptosis 
may lead to failure to delete self-reactive lymphocytes 
and expansion of immature and functionally defective 
lymphocytes. In the case of BAX deficiency or Bcl-2 
overexpression, an imbalance of pro- or anti-apoptotic 
proteins has been reported to alter lymphocyte 
development [6] or lymphocytic leukemia [8]. The ERK 
signaling pathway is also involved in many autoimmune 
responses, such as lymphoproliferative disease [97]. 
Therefore, BI-1 might be an important target for 
therapeutic application in autoimmune disease. 

7.4. Neuroprotection 

It has been reported that BI-1 has a neuroprotective 
effect. Previously it was reported that neuronal 
expression of BI-1 afforded significant protection 
against oxygen-glucose deprivation [98]. More recently, 
it has been reported that BI-1 overexpression promotes 
the proliferation and neuronal differentiation of mouse 
embryonic stem cell in response to leukemia inhibitory 
factor withdrawal, which is mediated by regulating 
activation of ERK pathway [99]. Cortical neurons from 
BI-1 transgenic mice exhibited greater resistance to ER 
stress-induced cell death compared to non-transgenic 
counterparts [100], suggesting that the manipulation of 
BI-1 expression might produce a new therapy for stroke 
and acute brain trauma. In addition, the expression of 
BI-1 showed protection against anhedonia through 
calcium modulating effect [27], extending the scope of 
BI-1 to the psychiatric diseases including depression. 

7.5. Insulin Resistance 

Insulin resistance can be caused by many factors 
including obesity and its associated type 2 diabetes. 
The activations of inflammatory and stress pathways 
are considered as a main mechanism of insulin 
resistance. Recently, ER stress has been studied as a 
representative stress signaling transduction for 
diabetes and insulin resistance. When ER stress is 
initiated, the cytosolic domain of activated IRE1a binds 
tumor necrosis factor-associated factor 2 (TNF-a) and 
triggers the activation of the JNK signaling pathway 
[101]. This process increases phosphorylation of the 
serine end of insulin receptor substrate-1 (IRS-1), 
reducing its ability to undergo tyrosine phosphorylation, 
Subsequently, Akt/protein kinase B and glycogen 
synthase kinase-3 (GSK-3) are inhibited, reducing 
hepatic glycogen synthesis. BI-1 expression blunts the 
IRE1a-dependent splicing of XBP-1 mRNA by forming 
a complex with IRE1a, regulating the serine 
phosphorylation of IRS-1 and its resultant insulin 
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resistance in a high fat diet model [25]. BI-1 causes 
higher GSK3 phosphorylation and increased glycogen 
synthesis. This improvement in glucose metabolism 
and insulin sensitivity was suggested to be due to the 
reduced gluconeogenesis caused by the reduction of 
glucose-6-phosphatase and phosphoenolpyruvate 
carboxykinase expression. This study identifies the role 
of BI-1 as an ER stress regulator in the development of 
obesity-induced insulin resistance. However, the 
hepatic role of BI-1 against insulin resistance warrants 
further future study. 

8. CONCLUSION 

BI-1, a generally well known anti-apoptotic protein, 
has been especially studied with regard to its 
association with the regulatory mechanism of ER 
stress. Its role as a negative regulator of a specific arm 
of ER stress signaling with the interaction of BI-1 with 
IRE-1a has been reported. In contrast, general ER 
stress regulation has also been suggested through 
enhanced lysosomal activity and its associated protein 
degradation activity. The regulation of Ca 2+ and ROS 
has been studied as a basic characteristic of BI-1, 
which may contribute to its role in ER stress regulation, 
extrapolating to various diseases including ischemia, 
cancer, anhedonia and the autoimmune response. The 
suggested mechanisms of BI-1 Ca 2+ regulation 
includes pH-sensitive Ca 2+ channel/Ca 2+ /H + antiporter 
activity and an IP 3 R-associated Ca 2+ leak channel. The 
Bcl-2 interactive mechanism is also suggested with the 
BH 4 -domain-stimulating the BI-1 Ca 2+ /H + activity. The 
interaction of P450 2E1 activity has been suggested as 
an ER stress-induced ROS accumulation. Although 
researchers are beginning to understand the 
importance of BI-1 in the cell and in human physiology, 
the way in which it functions still remains ambiguous. 
Lastly, many fundamental questions still need to be 
answered about how BI-1 regulates life and death, and 
we anticipate that an advanced understanding may 
pave the way for therapeutic manipulation. 



ABBREVIATIONS 



BI-1 


= Bax inhibitor-1 


ER 


= Endoplasmic reticulum 


UPR 


= Unfolded protein response 


IP 3 R 


= Inositol 1 ,4,5-trisphosphate receptor 


ROS 


= Reactive oxygen species 


HO-1 


= Heme oxygenase-1 


GRP78 = 


= Glucose response protein 78 


IRE1a 


= Inositol-requiring enzyme 1 


ATF6 


= Activating transcription factor 6 


XBP-1 


= X-box-binding protein 1 


JNK 


= c-Jun N-terminal kinase 


CHOP 


= C/EBP homologous protein 



Nrf-2 = Nuclear factor erythroid 2-related factor 2 

MEF = Mouse embryonic fibroblast 

MAM = Mitochondria-associated microdomain 
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